Abstract. A common view is that, in marine fishes, herbivory and sex change are subject to physiological constraints at high latitudes, which are likely to affect growth rates and reproductive outputs. The present study examines the reproductive demography of Odax pullus, an herbivorous and protogynous species of temperate New Zealand. We establish an otolith-based methodology for age estimation and investigate sex-specific growth, longevity and age-based reproductive events. Individuals achieved a maximum age of 11 years, reached 85% of adult body size (455 mm FL) within the first 3.5 years of life, were sexually mature by the age of 1.1-1.5 years and changed sex at 2.8-3.5 years, indicating fast simultaneous somatic and reproductive growth. There was no significant difference in growth or body size between the sexes. Ovary weight of spawning females increased significantly with size and age, suggesting the presence of size-and age-fecundity skews underlying the absence of sex change in larger and older females. Testes of reproductively active males comprised less than 1% of bodyweight, suggesting pair-spawning and little sperm competition. The present study provides metrics to support comparisons of the demography of this temperate protogynous and herbivorous labrid across spatial or temporal strata.
Introduction
Odacine labrids, a morphologically disparate group, are restricted to the temperate waters of Australia and New Zealand (Clements et al. 2004) . The basal members of the odacine clade are of particular interest, as odacine labrids include several species that are exclusively herbivorous as adults and that display geographical distributions extending to high-latitude coastal reef environments. The largest of the basal odacine species, Odax pullus (Forster), is a protogynous hermaphrodite (Trip et al. 2011) . The combination of an herbivorous diet, a protogynous reproductive ontogeny and a distribution extending into low-temperature reef environments is of considerable interest. This reflects the pervasive view that, in aquatic ectotherms, low temperatures will have an adverse impact on (1) the digestive physiology of herbivorous species, thereby reducing growth rates and reproductive outputs at high latitudes (Horn 1989; Harmelin-Vivien 2002; Floeter et al. 2005) and (2) the physiological processes underlying sex reversal, whereby the energetic and metabolic requirements underlying sex change may be too costly to take place under colder environmental conditions (Sadovy de Mitcheson and Liu 2008) . Furthermore, the distributional range of a close relative of O. pullus, Odax cyanomelas, also a protogynous herbivore (Andrew and Jones 1990) , has recently been shown to have shifted southward as a result of increasing global environmental temperature (Last et al. 2011) . If the physiological processes underlying herbivory and protogyny are affected in higher-latitude environments, such distributional shifts are likely to directly affect individual growth rates and reproductive outputs.
Odax pullus, a New Zealand endemic, is distributed over a north-to-south gradient spanning 138 of latitude, and Trip et al. (2011) provided evidence that O. pullus is a protogynous sequential hermaphrodite (female-to-male sex change) with well defined maturation stages and sexual identities. The presence of an herbivorous and protogynous labrid fish with a distribution extending through a significant latitudinal gradient, from warm to cold temperate, shallow-water reef systems, provides an ideal opportunity to investigate this issue in more detail. However, as the relevant comparisons must be based on locality-specific growth, reproductive and mortality rates, the establishment of appropriate age-based demographic metrics is an important preliminary step. Indeed, given the plasticity of growth rates and reproductive outputs in reef fishes, it is necessary first to explore the relevant demographic variables such as growth rate and to validate the demographic metrics to be used, including estimates of age, size-and age-at-maturity and -at-sex change. The goal of the present study was to provide these metrics as a foundation to a more comprehensive future analysis of demographic variation over a significant environmental gradient. Specifically, the present paper aims at establishing consistent criteria for age estimation and thus (i) to provide the means to estimate age-and sex-specific growth rates and survivorship, and (ii) to place reproductive events such as maturation and sex reversal schedules into a comprehensive demographic framework. This includes size-and age-specific estimates of reproductive maturation and outputs.
Sampling was carried out at locations at the northern end of the species geographical range, over the entire annual cycle. The latter was especially important with respect to establishing the maturation and reproductive cycles and the annual pattern of increment formation in otoliths of the target species. We first establish the annual and daily periodicity of otolith increment formation in adult and newly settled individuals of O. pullus respectively. Second, we establish the age and size of female sexual maturation and of protogynous sex reversal. Third, we estimate age-and sex-specific growth rates and longevities through the construction of growth curves and the estimation of growth parameters, and the age-and sex-specific reproductive output. Last, in addition to establishing a basis for comparing demographic rates among populations of O. pullus, the present study will provide a means for resolving questions concerning the mating system of this species. In particular, the study examines (i) the patterns of sex-specific growth to establish whether protogynous sex change in O. pullus is associated with faster growth in males, as suggested by the size-advantage model (Warner 1984; Munday et al. 2004) ; (ii) the presence of sperm competition, by examining relative testis size compared with ovary size during the period of reproductive activity; and (iii) the relative advantages of sex reversal by examining the age and longevity of males and females; do all females change sex or does a component of the population retain females throughout life?
Materials and methods
Physical setting and study species Odax pullus was sampled in the Hauraki .98E) on the north-eastern coast of the North Island of New Zealand. It is relatively sheltered from prevailing westerly winds and southerly swells, and is subject to a mixture of distant South Pacific swells, and local storm-and wind-generated waves (Proctor and Greig 1989) . It is bathed by the East Auckland Current (EAUC) from the north, which brings warm subtropical waters and is stronger in summer (DecemberMarch), resulting in seasonal fluctuations in water temperature from an average maximum of 218C in summer (DecemberFebruary) to an average minimum of 14.58C in winter (June-August). The Hauraki Gulf is a subtidal coastal system, primarily characterised by rocky reefs, kelp beds and sandy bottom areas.
Odax pullus (also known as butterfish, greenbone or marari) is distributed from Cape Reinga (34.48S, 172.68E) at the northern tip of the North Island of New Zealand south to the Antipodes Islands, south-east of the southern tip of the South Island of New Zealand (49.58S, 1798E) (Francis 2001) . It is abundant across its range, and lives primarily within the first 20 m of the water column on moderately exposed coastal rocky reefs. O. pullus is primarily found amidst kelp and is most closely associated with the phaeophytes Ecklonia radiata, Carpophyllum spp., Lessonia spp. and Macrocystis spp. on which it feeds. O. pullus is exclusively herbivorous as an adult after a short carnivorous post-settlement juvenile stage (Clements and Choat 1993) .
Sample collection
In total, 427 individuals were sampled by spearing between 1994 and 2008. Individuals were sampled on moderately exposed rocky reefs of on-and offshore islands in areas where algal assemblages were largely dominated by Ecklonia radiata and/or Carpophyllum spp., or by Lessonia spp. at comparatively more exposed sites. Fork length (FL) was recorded for each fish to the nearest millimetre. The sagittal pair of otoliths was removed, rinsed in 70% ethanol, and stored dry for estimation of age. A subset of 313 fish was collected monthly over 2.5 consecutive years, from August 2005 to January 2008. Gonads were dissected out of all 313 individuals, weighed whole to the nearest 0.1 mg, and fixed for histological analysis. These 313 individuals were sexed after histological analysis of the gonads, and the remaining 123 individuals were sexed macroscopically. Details of sampling regime and of methodology for gonad histology, analysis of gonad development and diagnosis of sexual ontogeny of O. pullus were as described in Trip et al. (2011) .
Age estimation and validation of ageing protocol Previous studies on age and growth of Odax pullus have been primarily based on the use of scales and whole otoliths (Ritchie 1969; Bader 1998; Paul et al. 2000) , both of which structures have been shown to lead to several ageing errors, in particular those of underestimation of age in older fish (Beamish and McFarlane 1987) . All age estimates in the present study are based on thin transverse sections of sagittal otoliths (Secor et al. 1995) . One sagitta of each pair of otoliths was chosen randomly and weighed to the nearest microgram before sectioning. A thin transverse section through the nucleus was obtained by grinding down both anterior and posterior ends of the otolith; otoliths were mounted on glass slides with thermoplastic cement and ground by hand using P800 grit abrasive paper (Choat et al. 2003) . Three separate readings of otolith increments were performed by the senior author (ELT) after successful validation of the annual and daily periodicity of increment formation and of the position of the first annual increment (below). Ground sagittae were viewed with transmitted light using a compound (daily increments) or dissecting (annual increments) microscope. Increment counts that coincided for at least two readings, or the mean value if readings differed by one (annual counts) or by less than 10% of the median value (counts in days), were taken as the final age estimate (Pears et al. 2006) . All individuals aged o1 year were aged using daily increments (in days), and count in days was converted into years. All counts were performed without prior knowledge of fish size, otolith weight, sex or month of collection. Precision of readings was checked by examining the relationship between otolith weight and number of increments, because otolith weight and the number of increments (putative age) are expected to be significantly linearly correlated (Boehlert 1985; Pears et al. 2006) .
Periodicity and timing of opaque-zone formation: validation of annual increments The terms opaque zone and translucent zone refer to zones in the sectioned sagittae that appear respectively dark and transparent (or bright) under transmitted light. One otolith increment is defined as the combination of one opaque and one translucent zone. The periodicity and timing of opaque-zone formation were established using edge-type analysis (ETA) (Campana 2001) . The presence of an opaque or a translucent zone on the growing edge of the otolith was recorded, and variation in the frequency of opaque zones present on the otolith edge across months was analysed so as to identify months showing significantly greater frequency of opaque-zone formation. The otolith edge where the presence or absence of an opaque zone was recorded refers to the outer rim of the otolith on the ventral side of the sectioned otolith. An otolith section was considered to have an opaque edge when no translucent zone could be identified between the last opaque zone and the otolith edge. Fish included in this analysis were those sampled monthly between February 2006 and January 2008 (n ¼ 304). Sections were randomised to conceal from the examiner the identity and month of origin of each sample. ETA was performed separately for each of the following groups: otoliths displaying one or two increments (n ¼ 93), otoliths with three or four increments (n ¼ 120) and otoliths showing five or more increments (n ¼ 53).
The distribution of observed frequencies of opaque edge types across months was tested on pooled age groups against a uniform distribution for circular data using Rayleigh's test (Zar 1999) and tests were performed separately for each year sampled. Assumption of a unimodal von Mises distribution was met. The statistical package 'Oriana 2.02e' for circular statistics was used for the analyses.
Otolith microstructure: validation of daily increment formation A field-based oxytetracycline (OTC) tagging experiment was undertaken to validate the daily pattern of increment formation in juvenile otoliths. Seven juvenile O. pullus individuals were caught with hand nets in Looking Glass Bay, Fiordland, New Zealand (44.9-46.18S, 166.6-167.28E), and kept alive onboard for the duration of the experiment. On capture, each fish was weighed to the nearest gram and injected with a solution of OTC (5 mg OTC mL À1 of 1.7% saline solution) at 50 mg of tetracycline per kg of fish (Hernaman et al. 2000) . After injection, the fish were returned to fresh seawater. All seven individuals recovered. The water was changed and a supply of food and shelter was given daily. Food and shelter was fresh Landsburgia quercifolia (Phaeophyceae) covered in epiphytes, including hydroids, rhodophytes and small crustaceans. The fish were kept for 4 days, then euthanased with an overdose of clove oil (active ingredient eugenol). Sagittal otoliths were dissected out and stored dry in a light-proof jar. Age (in days) was estimated for each individual. The total number of increments was read under a compound microscope at Â100-magnification. Precision of readings was checked by examining the relationship between otolith weight and the number of increments, on the assumption of a linear increase in otolith weight with age (Boehlert 1985) .
Sections were exposed to an ultra-violet (UV) light source, viewed through a green filter and digital images were taken of the otoliths' edge at Â100 magnification. The number of increments visible between the start of the fluorescent band and the outer margin of the otolith was enumerated (Thorrold and Milicich 1990; Welsford 2003) . The mean (AEs.e.) number of increments visible between the OTC mark and the otolith edge was calculated, and compared with the number of days the fish were held between OTC injection and euthanasia (4 days).
Position of the first annual increment
The position of the first annual increment was established by measuring the radius of sectioned sagittal otoliths of 'Age-1-cohort' fish at the time of opaque-zone formation (Campana 2001) . 'Age-1-cohort' fish represent juveniles born during the previous spawning season and that are thus likely to be forming the first annual opaque zone at the time of opaque-zone formation the following year. On the basis of the duration and timing of spawning of O. pullus in the Hauraki Gulf (JulyNovember; Trip et al. 2011) , the age of 'age-1-cohort' individuals caught at the time of opaque-zone formation (SeptemberDecember, see results of ETA) was estimated to range between 0.75 and 1.5 years (n ¼ 15). The maximum transverse radius of the sectioned sagittae was measured to the nearest micrometre along a constant transect from the centre of the nucleus (primordium) to the otolith edge taken in the widest region of the sectioned sagittae. Mean radius across all 15 age-1-cohort individuals was used to establish the position of the first annual opaque zone in the estimation of age of individuals aged 1 year or more.
Reproductive demography
Size-and age-at-maturity Size-and age-at-maturity were estimated from the size and age at which 50% of the females were mature. Females used in the present analysis were all immature and mature females collected during the spawning season (Pears et al. 2006 ) from July to November (Trip et al. 2011) . A logistic function was fitted to the non-linear relationship between maturity and size or age (Williams et al. 2008) . The best-fit logistic model was estimated by minimising the negative log of the likelihood based on a probability density function with a binomial distribution (Haddon 2001) . The logistic function used is of the form
where P a is the proportion of mature females in size or age class a, a 50 is the size or age at which 50% of females are mature, a 95 is the size or age at which 95% of females are mature, and Àln(19) scales parameter a 95 to generate size or age at which 95% of females are mature. Proportion of mature females was calculated relative to the total number of females within each size or age class.
The 95% confidence intervals (CI) were estimated for each parameter (a 50 , a 95 ) by using a bootstrapping procedure (Moore et al. 2007) . The data were randomly resampled 1000 times with replacement. For each resampled dataset, the logistic function was fitted and the best-fit combination of parameters a 50 and a 95 was estimated as described above. Percentile CIs (AE95%) were calculated using the 2.5 and 97.5 percentiles of the bootstrap estimates (Moore et al. 2007 ). Size classes were based on 50-mm (FL) increments, and age classes were based on 1-year increments.
Size-and age-at-sex change A logistic approach was used to estimate the size and age at which 50% of the sex-changing females have undergone sex reversal. However, not all O. pullus females changed sex into males (Trip 2009) , and this was accounted for in the form of the logistic function by adapting the expected frequency of males within a given size or age class from a value of 1 (in the case where all females would undergo sex change) to the maximum observed frequency of males recorded across size or age classes (modified from Williams et al. 2008) . The model fitted is described as follows:
where P a is the predicted proportion of males in size or age class a, x is the maximum observed frequency of males across size or age classes, a 50 is the size or age at which 50% of sex-changing females have changed sex, and a 95 is the size or age at which 95% of sex-changing females have changed sex. Parameters a 50 and a 95 were estimated with 95% percentile CI by using a bootstrapping procedure (Moore et al. 2007 ). All individuals displaying exclusively either male or female gonad tissue respectively were included in the analysis.
Sex-specific growth Growth was modelled separately for males and females by using Francis' reparameterised von Bertalanffy growth function (rVBGF; Francis 1988) (e.g. Welsford and Lyle 2005; Trip et al. 2008; Claisse et al. 2009 ). The rVBGF is based on three parameters that express expected mean body size at arbitrary ages t, v and m. Ages 1, 5 and 9 were chosen as ages t, v and m, because size data at these three ages were well represented in the dataset and those ages covered growth of O. pullus over the majority of its life span. Parameter values of L 1 , L 5 and L 9 were estimated by minimising the negative log of the likelihood, assuming a normal probability distribution of size at age t (L t ), with mean L t and standard deviation s (Haddon 2001) . Only individuals displaying exclusively either male or female gonad tissue were included in the analysis. Because all O. pullus males were the result of sex reversal of females (Trip et al. 2011) , males were absent from the first years of the life span, with the youngest male sampled being 3 years of age. To take this into account, growth of males until the time of sex reversal was approximated by that of females, and the best-fit male rVBGF model was fitted by constraining mean size-at-age one L 1 to the value of mean size-at-age one (rVBGF parameter L 1 ) found for growth of females.
A likelihood ratio test (LRT) was used to compare the growth of males and females (Kimura 1980; Cerrato 1990; Haddon 2001) . The null hypothesis of no difference in growth between the sexes was rejected at a ¼ 0.05, with q (degrees of freedom) being the difference in the number of parameters being constrained under the two hypotheses (e.g. q ¼ 3 for coincident curves). As parameter L 1 of males was constrained to that of females, the hypothesis of equal L 1 between the sexes was omitted from the analysis. The number of parameters estimated under each hypothesis is presented in Table 2 .
Size-and age-at-maturity and -at-sex change were subsequently mapped onto the growth trajectories of males and females to establish how the timing of sexual maturation and sex reversal relates to the patterns of sex-specific growth over the species' life span.
Relative gonad weight
Variation in the proportion of bodyweight assigned to gonad weight in males and females was assessed across months by using an index of relative gonad weight (R GW ). R GW was estimated as the proportional investment in reproductive v. somatic tissue, and calculated as follows:
where W GO is gonad weight and W G is gutted bodyweight. Males and females included in the analysis were those diagnosed as sexually mature on the basis of histological examination of the gonads (see table 1 in Trip et al. 2011) . R GW of reproductively mature males (relative testis weight) also provided a proxy for the intensity of sperm competition, with relative testis weight expected to be less than 1% of bodyweight in species with low levels of sperm competition, including in protogynous species (Erisman et al. 2009 ). The distribution of male and female reproductive effort with body size and age was explored by examining the relationship between gonad weight (as a proxy for reproductive output), and size and age of spawning males and females at the time of spawning (July-November). Males included in these analyses were those diagnosed histologically as spawning, with all sectioned testes displaying (a) spermatozoa as the most abundant stage present and (b) peripheral sperm sinuses filled with spermatozoa. Similarly, females included in these analyses were those diagnosed histologically as spawning, with sectioned ovaries of all females included displaying Stage V (hydrated) oocytes (see table 1 in Trip et al. 2011) . Simple regression analyses were performed between gonad weight and size and age of males and females respectively based on the linear or nonlinear function generating the highest R 2 value. Assumptions of normality and homogeneity of variance of the observed values and residuals were checked for each analysis using box plots and by examining the relationship between the residuals and predicted values from the regression model fitted. The presence of outliers and the effect of individual values on the regression model fitted were examined using leverage estimates and Cook's D i values (Quinn and Keough 2002) . One male sample was excluded from the analysis of testis weight on age as a result of a high Cook's value (D i ¼ 3.61). Regression analyses were performed using the 'general linear models' module in Statistica 7.1 (StatSoft, Inc., http://www.statsoft.com/).
Results

Validation of ageing protocol
Transverse sections of sagittal otoliths of Odax pullus displayed distinct alternating opaque and translucent zones, in both juvenile and adult age classes (Fig. 1) . The proportion of otolith sections displaying an opaque edge varied across months, peaking from September to December in all age groups analysed in both years examined (Fig. 2) Po0.001) , indicating the presence of a mean population direction in the observed frequency distribution of opaque zones across months. The direction of the mean mode of the observed frequency distributions confirmed that the proportion of otoliths with an opaque growing edge peaked in November in both years sampled (see Fig. A1 , available as an Accessory publication to this paper). These results provide evidence that one opaque zone is formed each year over the austral spring, and that together with a translucent zone, the enumeration of increments in the otoliths of O. pullus may be used as an estimate of age in years.
Two juvenile O. pullus individuals showed clear marginal increments coinciding with a visible OTC fluorescing mark. The remaining five individuals showed either an OTC mark that was not clearly defined or an OTC mark that did not coincide with clear interpretable marginal increments. The two individuals showing positive results to the OTC experiment displayed a mean number of increments from the inner margin of the OTC mark to the outer margin of the otolith of 4 (AE0 s.e., n ¼ 4 counts) and 4.25 (AE0.19 s.e., n ¼ 4 counts) respectively. Thus, there was a mean count for the number of increments laid between OTC injection and euthanasia of 4.12 (AE0.12 s.e., n ¼ 2), a figure that coincides with the number of days the fish were held between the injection of OTC and euthanasia (4 days). This result provides evidence for a daily pattern of increment deposition in juvenile sagittal otoliths of O. pullus, indicating that one micro-increment may be interpreted as 1 day of age (see Fig. A2 , available as an Accessory publication to this paper).
Mean maximum transverse radius of sectioned sagittal otoliths of age-1-cohort individuals (age range 0.75-1.5 years) caught at the time of opaque zone formation (between September and December) indicated that the first annual opaque zone in otoliths of O. pullus in the Hauraki Gulf was laid down at an average distance from the centre of the nucleus of 632.83 mm AE 23.84 s.e. (n ¼ 14) (Fig. 1) . (L 5 ) and nine years (L 9 ); VBGF parameters are mean asymptotic size L inf , curvature parameter K, and theoretical age at size zero t 0 ; N ¼ the sample size; -l ¼ negative log-likelihood; s ¼ standard deviation Reproductive demography Size and age estimates were obtained for 317 females and 88 males. Size and age of individuals sampled ranged between 87 and 531 mm FL, and between 0.32 and 11 years respectively. The largest individual was a male (6 years, 531 mm FL), whereas the oldest individual collected was a female (11 years, 469 mm FL). Females were present across all size and age ranges, whereas males occurred exclusively between 367 and 531 mm FL in size and between the ages of 3 and 9 years, with males being absent from the smallest and youngest size and age ranges (Fig. 3) . Male body size spanned a comparatively smaller size range than did the female body size, with males distributed within the 30% largest sizes. Not all females changed sex into males, because females were present across all age classes, including those 43 years (age-at-sex change), and represented the oldest individuals sampled (Fig. 3) .
Comparison of rVBGF growth trajectories of males and females revealed no significant difference between the sexes (likelihood ratio test; Tables 1 and 2 ). Growth of males and females was best described by one coincident growth curve, suggesting no difference in the growth rate, the mean size-atages 5 and 9 years, and in the mean maximum size between the sexes. Individuals achieved 47% of the mean adult body size (L 9 ) by the age of 1 year and reached 85% of the mean adult body size by the age of 3.5 years, indicating the presence of fast early somatic growth (Fig. 3) . In all, 50% of females reached sexual maturity by 241-mm FL (range 229-265; 95% CI) in size and by 1.2 years of age (range 1.1-1.5 years), and sex reversal occurred early in the span life, with 50% of sex-changing females changing sex into males at 352-mm FL (range 343-386) in size and at 3.1 years of age (range 2.8-3.5) (Fig. 3) . Estimates of size-and age-at-sex change overlapped with the size and age of the two individuals displaying histological evidence of functional sex reversal (359-and 379-mm FL, and 2 and 3 years old respectively).
Relative gonad weight, size and age Relative gonad weight (R GW ) of mature females and males increased between July and November, indicating that spawning took place during the austral winter and spring months (from July to November), peaking in November (Fig. 4) . Mean (AEs.e.) R GW of mature females varied between 0.36% (AE0.07%) and 0.59% (AE0.03%) of female gutted bodyweight during resting months (December-June), and reached 4.99% (AE0.23%) of female gutted weight during peak spawning in August (Fig. 4) . Similarly, the mean R GW of mature males increased over the spawning months, peaking in August at 0.38% (AE0.04%) of male gutted bodyweight. During the resting months, the R GW of males ranged between 0.05% (AE0.01%) and 0.20% (AE0.03%) of male bodyweight (Fig. 4) . Across the year, however, mature males displayed R GW values that were consistentlyo0.5% of the bodyweight, suggesting the presence of little sperm competition in the study species.
Examination of the relationship among testis weight, body size and the age of spawning males at the time of spawning showed no significant relationship between testis weight and either male size (y ¼ 0.015x À 3.81, R 2 ¼ 0.037, P ¼ 0.33) or age (y ¼ À0.05x þ 2.74, R 2 ¼ 0.0013, P ¼ 0.86) (Fig. 5a, b) . In contrast, there was a significant relationship between ovary weight and both body size and the age of spawning females (Fig. 5c, d) . Ovary weight increased exponentially with body size (y ¼ 1.21 Â e 0.0086x , R 2 ¼ 0.61, Po0.0001) and linearly with age (y ¼ 6.89x þ 6.93, R 2 ¼ 0.63, Po0.0001), indicating that a small increase in female size will result in an exponential increase in ovary weight and that older females will display significantly heavier ovaries than do younger spawning females.
Discussion
Validation of growth metrics Examination of periodicity and timing of opaque-zone formation and of daily otolith growth-increment formation provided a reliable procedure for determining the age in Odax pullus near the northern limit of the species' geographical distribution. This allowed the estimation of age and longevity, and the elaboration of sex-specific patterns of growth. Size-at-age plots generated a typical labrid growth curve with rapid initial somatic growth (e.g. Choat et al. 1996) , with individuals achieving 85% of their growth within the first 3.5 years of the life span, as seen in closely related Hypsigenyine labrids (Coulson et al. 2009; Cossington et al. 2010) . Females matured and underwent sex change during the period of fast somatic growth, maturing at ,50% and changing sex at ,80% of adult size. The incorporation ofo1-year-old individuals into the plots and validation of the position of the first annual otolith growth increment in individuals aged 1 year or more provided a reliable anchor for the growth curve and enabled the period of initial rapid growth to be reliably described. This period covered both the juvenile carnivorous phase and the subsequent switch in subadults to exclusive herbivory (Clements and Choat 1993) . This provides a basis for comparing size-at-age estimates associated with important biological processes across a range of populations. In particular, the use of specific size-at-age estimates that may be compared across populations at different points in the life history provides a means for comparing the growth performance of this herbivorous protogynous labrid across a significant range of temperatures.
Sex-specific growth and sexual ontogeny
Integration of the present demographic information on the mean age of female maturation and sex reversal with the reproductive analysis of the study species provided evidence for a protogynous mode of male recruitment for O. pullus (sex reversal into males of individuals that have previously functioned as females). Histological evidence supporting this diagnosis included the presence of degenerating mature oocytes in the lumen of sexually transitional individuals (Trip et al. 2011) , and the present study established the presence of a 2-year gap between the age of female maturity (1.1-1.5 years) and the age of sex reversal (2.8-3.5 years). Because most models of protogyny are driven by the need to maintain relatively high levels of reproductive success (size-advantage hypothesis; Warner 1984; Munday et al. 2006 ), there appears to be no mechanisms that would select for the deferring of reproduction in males for 2 years, unless there were future benefits in terms of growth rates and longevities. That this does not occur in the present population argues strongly for an initial functional female phase in secondary males, and coincides with a diagnosis of monandric protogyny in O. pullus.
Relative gonad weight and mating system Ideally, the details of the mating system and spawning behaviour of O. pullus should be established by direct observation of reproductively active adults. However, the habitat of this species, shallow reefs with high cover of macroscopic algae in turbulent and frequently turbid water (Meekan and Choat 1997) , makes direct observation difficult. Given the comparative information on male and female growth and testis and ovarian size, it is possible to infer several features of the mating system and spawning pattern of O. pullus. In most protogynous labrid fishes, males are larger than females at a given age (Choat et al. 1996 , reflecting higher growth rates in secondary males either prior or subsequent to sex reversal (Munday et al. 2004) . In the present case, and unlike in many tropical labrids, no statistical difference in growth was detected between males and females. This suggests that male reproductive success is not dependent on increased size in O. pullus. Moreover, testes of O. pullus at peak reproduction achieved a weight that was only 8% of the weight of ovaries over the same period. The relative size of testes and contribution to total bodyweight of less than 1% strongly suggest that this species is a pair-spawner, with no evidence of the enlarged testis mass associated with group spawning (Erisman et al. 2009 ). The combination of small testis, absence of primary males and no size-differential growth between males and females argues against sperm competition and male-male interactions (Munday et al. 2006) .
Evidence for a size-and age-fecundity skew underlying the absence of sex change in larger and older females The relative size of ovaries increased with size and age of spawning females, indicating that older and/or larger females have greater reproductive potential than smaller and/or younger spawning females. Importantly, not all females changed sex into males and females achieved greater maximum ages than did males, suggesting higher survival rates in females. In a modified model of the size-advantage hypothesis, Muñoz and Warner (2003) proposed that a size-fecundity skew may underlie why some females defer sex reversal and remain female throughout life, and successfully applied this model to protogynous labrid species (Muñoz and Warner 2003) . In this context, the presence of both a size-and an age-fecundity skews in O. pullus may act as a selective mechanism that would retain the older females of a population, and may explain why a proportion of O. pullus females remain females without changing sex into males. In a comparative study of size-and age-at-sex change (Trip 2009 ), sex change of O. pullus was established as size-based. If female fecundity increases with age, then a faster-growing (and thus younger) female at size-at-sex change will have a comparatively lower reproductive value. Importantly, younger spawning females were found to display receding ovaries after peak spawning (August) at the time when transitional gonads were found (Trip et al. 2011) . In contrast, older and larger females remained reproductively active throughout the spawning season. It appears that younger females that have reached size-atsex change may be those that undergo sex change into males, because older females have a greater relative ovary size and thus greater reproductive value by remaining female.
Conclusion
Sadovy de Mitcheson and Liu (2008) suggested that protogyny would be restricted with increasing latitude because of costs associated with sex reversal interacting with the impacts of decreasing temperature on the metabolism of aquatic ectotherms. Although the study population of O. pullus occurred in temperate water, there was clear histological and demographic evidence of protogynous sex reversal. However, the absence of an increased growth rate in secondary males and the domination of the oldest age classes by females suggested that exposure to temperatures lower than those encountered in the Hauraki Gulf may possibly inhibit the development of protogyny in highlatitude populations. Moreover, if the digestive processes of herbivores are also affected by decreasing temperature (Behrens and Lafferty 2007 , but see Clements et al. 2009 ), then the effect on a protogynous sexual ontogeny may be pronounced. The most appropriate way to resolve this issue in O. pullus will be to examine the patterns of variation in growth rates, mortality rates and timing of sexual maturation and sex reversal over a significant gradient of environmental temperature. The validation in the present study of analytical methods designed to assess growth and reproductive output metrics demonstrated that robust demographic comparisons of populations can now be achieved across geographical and/or temporal scales, and that the impacts of external effects such as climate change and fishing on species' demography can be evaluated with appropriately designed experiments.
